The conductivity mechanism is studied in the LiCF 3 SO 3 -doped polyethylene oxide by monitoring the vibrations of sulfate groups and mobility of Li + ion along the polymeric chain at different EO/Li molar ratios in the temperature range from 16 to 90 °С. At the high EO/Li ratio (i.e., 30), the intensity of bands increases and a triplet appears at 1,045 cm −1 , indicating the presence of free anions, ionic pairs and aggregates. The existence of free ions in the polymeric electrolyte is also proven by the red shift of bands in Raman spectra and a band shift to the low frequency Infra-red region at 65 < T < 355 °С. Based on quantum mechanical modeling, (method MNDO/d), the energies (minimum and maximum) correspond to the most probable and stable positions of Li + along the polymeric chain. At room temperature, Li + ion overcomes the intermediate state (minimum energy) through non-operating transitions (maximum energy) due to permanent intrapolymeric rotations (rotation of C, H and O atoms around each other). In solid electrolyte (Li 2 SO 4 ) the mobility of Li + ions increases in the temperature range from 20 to 227 °С, yielding higher conductivity. The results of the present work can be practically applied to a wide range of compact electronic devices, which are based on polymeric or solid electrolytes.
Introduction
The physics and chemistry of solid electrolytes requires expanding investigations in a new way due to the fabrication of devices of which they are the basis. Solid electrolytes (superionic conductors or solids with rapid ionic conductivity) are solids, which exhibit ionic conductivity comparable with that of electrolyte solutions or melted salts. Solids with rapid ionic conductivity have various applications from direct fuel cells [1] , the improved ecological value of auto cars [2] , and electrochemical capacitors [3] . The challenge in the application of solid electrolytes is in the bridging of the material structure with its physical properties, as well as the determination of ionic conductivity mechanisms; and their control over temperature and pressure. Ionic conductors can be divided into several classes according to the mechanism of conductivity.
• Common ionic crystals or semiconductors (e.g., NaCl, AgCl, etc.) with conductivity < 10 −3 S•cm −1 due to thermal Frenkel-Schottky defects or impurity ions with minor quantities.
• Solid electrolytes or ionic superconductors (e.g., α-AgI, α-Li 2 SO 4 , metal containing complexes of phosphates and silica phosphate, sour sulfates of base metals, etc.) with conductivity < 10 −2 S•cm −1 due to the different structural disorder of one of the ionic sublattices.
• Polymeric electrolytes with conductivity in the 10 −3 to 10 −1 S•cm −1 region due to the transport of impurity cations along the polymeric chains with structural disorders [4] .
As the first class of solid electrolytes is well studied [5] [6] [7] [8] [9] [10] , the electrical and optical properties of solid electrolytes of the second class are being intensively investigated. Among them are high temperature phases of α-Li 2 SO 4 (586-860 °C), α-Ag 2 SO 4 (412-660 °C) sulfates of one-valent metals (Li + , Na + and Ag + ) and also solids Li 2 SO 4 -Na 2 SO 4 and Li 2 SO 4 -Ag 2 SO 4 , Na 2 SO 4 . Lithium α-orthosilicate has an ionic conductivity of 3 S•cm −1 and is temperature sensitive, when doped with the metal oxides (e.g., titanium, zinc, magnesium or aluminum). The third class of polymeric electrolytes, which are polymers with lithium salt (e.g., LiCF 3 SO 3 ), is least studied. Their conductivity is controlled by the change of the polymeric matrix, impurity salt and temperature [11] [12] [13] [14] [15] [16] . Polyethylene oxide (PEO) as a simple polyether can be chosen as the polymeric matrix due to its low molecular weight and an ease of solubility in water. The solubility of the polymer in water is decreased with the increase of molecular weight, firmness and melting temperature. This fragment of structural formula of PEO is shown in Figure SI .1 (supporting information). Pristine PEO is a good dielectric in comparison to the other materials (Figure 1 ), but exhibits conductive properties when it is co-doped with sodium or lithium salts [17] . The physico-chemical properties of lithium and sodium salts are actively studied with the large interest in phase transitions of LiASO 4 with A as the base cation (e.g., Li, Na, K, Rb and Cs) [18] [19] [20] . Small cationic compounds such as Li 2 SO 4 and LiNaSO 4 undergo superionic phase transitions at high temperatures. These structures have a cubic symmetry beyond the phase transitions and are characterized by complicated rotational disorders of sulfate anions, which is typical for plastic metals. The phase transitions of these structures were studied due to the orientation of one of the sulfate groups in the wide temperature range [21] . The high temperature phase of Li 2 SO 4 is described as a plastic phase (i.e., a phase characterized by extensive orientation disorder of SO 4 2− ions). In addition, monocrystal Li 2 SO 4 exhibits rapid ionic conductivity. The low temperature phase (T = 190 K) of the crystal corresponds to the freezing process of orientation disorder of vibrations of sulfate ions, yielding a decrease in the electroconductivity of the substance [22] . The investigation of high temperature phases of the Li 2 SO 4 structure is very interesting due to the fact that Li 2 SO 4 is a monohydrate crystal with a monoclinic system at room temperature. The crystal belongs to the space group with symmetry C 2 2 and is centric and cubic at T < 848 K and at melting temperature T melt = 1,133 K. As the chain length of Li-O can vary from 1.09 to 1.9 Å, Li 2 SO 4 can be used for an accurate determination of the size and configuration of the sulfate group. A small radius of lithium ions allows for a close approach to the hydrogen atoms in order to examine the deformations of the sulfate group [23] .
The main factor which limits the ionic conductivity of such a conductor is the nature of coupling and aggregation of ions in polymeric electrolytes [24] [25] [26] [27] [28] . Completely amorphous polymeric electrolyte systems with conductivity at room temperature were invented as an alternative to solid polyelectrolytes. Solutions of lithium salts in polymers such as polyphosphate with ethylene oxide groups or polymers from ethylene oxide and methylene oxide are amorphous conductors. The conductivity of these materials is controlled by the temperature, the nature of polymers and the concentration of lithium ions. The disadvantage of such compounds relates to the instability of sizes. However the electrolytes, which are formed from the polyethylene oxide, exhibit mechanical stability at high ionic conductivity and temperature, which is far below melting point [29, 30] .
The main purpose of our work is to study ionic species (e.g., SO 4 2− and Li + ) in two conductive systems-polymeric and solid electrolytes. The vibrations of sulfate groups are examined by Raman and Infra-red spectroscopy in the temperature region from 65 to 355 °C . At room temperature the presence of free ions or ionic aggregates is studied at different molar ratios of ethylene oxide to LiCF 3 SO 3 salt (EO/Li) in the polymeric electrolyte with 2, 3 and 11 chain lengths of dimethyl ethylene glycol ((EG) n DME). The mobility of the Li + cation is modeled by a modified quantum mechanical method of molecular and atomic orbitals in the polyelectrolyte and spectroscopically studied solid electrolytes in the temperature region from 293 to 500 K.
Results and Discussion

Spectroscopy of Polymeric Electrolytes Based on LiCF 3 SO 3 and Polyethylene Oxide
Raman spectroscopy is employed to examine vibrations of ions in polymeric electrolytes because triflate anions CF 3 Figure 2 . Raman spectra of LiCF 3 SO 3 + (EG) 11 DME (EO/Li = 10) at room temperature.
(EG) 11 DME is dimethyl ethylene glycol with the chain length n = 11 and EO/Li = 10 is the inverse molar ratio of LiCF 3 SO 3 to elements of ethylene oxide oligomer. Where 'vs', 's' and 'm' are spectral bands with 'very strong', 'strong' and 'medium' intensity, respectively. The assignments 'sh' indicates a band shoulder, 'w'-a bandwidth, 'δ' and 'v'-the deformations and valency vibrations in the corresponding molecular groups, respectively.
Raman bands of SO 3 − in LiCF 3 SO 3 + (EG) n DME with n = 2 and 11 in the range from 289 K to 363 K are shown in Figure 3 . Both bands are broad with a distinct peak near 1,047 cm −1 and shoulders at 1,034 cm −1 with both chain lengths (n = 2 and 11). Raman band of SO 3 − in LiCF 3 SO 3 + (EG) 2 DME acquire a shoulder near 1,053 cm −1 at the highest temperature 363 K (Figure 3(A) ) and near 1,058 cm −1 with n = 11 ( Figure 3(B) ).
Figure 3.
Raman spectra of dimethyl ethylene glycol with the chain lengths 2 (A) and 11 (B) (EG) 2 DME and (EG) 11 DME and EO/Li = 10 inverse molar ratio of LiCF 3 SO 3 to elements of ethylene oxide oligomer in a temperature range of 289 K to 363 K.
The bands become broader with lower intensity due to the temperature increase, indicating formation of ionic aggregates. Raman spectra of LiCF 3 SO 3 + (EG) n DME (n = 2 and 11) at a concentration of EO/Li from 10 to 30 at room temperature show a relatively broad band with two maxima in the range of 1,025 cm Figure 5 ). Based on the literature, the triplet, which is observed at 1,045 cm −1 is attributed to free ions, ionic pairs and ionic aggregates at the higher frequency region [24] . Therefore, one can deduce that the concentration of free anions (i.e., CF 3 SO 3 − and SO 3 − ) in LiCF 3 SO 3 + (EG) 11 DME at EO/Li = 10 and EO/Li = 30 is increased [31] . The Raman frequencies of (EG) n DME (n = 2 and 11) with interpretations are listed in Table 2 (supporting information) and are in a good agreement with the literature [22, 23, 32, 33] . Free ions, ionic pairs and ionic aggregates can be studied in polyethylene oxide doped LiCF 3 SO 3 by examination of the shape of Raman bands. For instance, spectral vibrations of anion SO 3 − become broader if the temperature is increased from 289 to 363 K, indicating ionic aggregates. Later, the Raman spectral bands of either free or aggregated tetrahedral SO 4 2− anions, surrounded by Li + or Na + cations, are studied at a higher temperature region of 328 to 573 K.
Spectral Features of Ionic Conductors, Which Are Based on Na 2 SO 4 and Li 2 SO 4
Raman Spectra of Li 2 SO 4 at Different Temperatures Single lattice Li 2 SO 4 contains 28 atoms, which correspond to the 84 degrees of freedom vibrations. All of the two or three-dimensional presentations split up the one-dimensional presentation A due to the low side symmetry (C 1 ). Group factor C 2h transforms any group presentation into
. The minimal structure presentation of the vibrational modes in Li 2 SO 4 can be introduced as follows (Equations 1-4) . In the table, XX where I ij is the scattering intensity with i and j as combinations of x, y and z from experimental data and tensor components   , which cannot be directly determined. The intensity I ij ( i and j indicate the directions of excited and scattered light) is measured for each vibration  . For example, I xx indicates the direction coincidence of the excited and scattered light E  . The investigation of components of Raman tensor requires an application of linearly polarized and excited light as well as an analysis of the polarization state of scattered light relative to crystallographic orientations of the sample under study [35] . The components of the tensor are relative intensities of Raman bands for different crystal orientations, positions of the analyser and polarizers (Table 4) . Table 4 . Components of a polarization tensor. Free isolated SO 4 2 , which are observed in Raman and Infra-red spectra (e.g., 1 A and E only in Raman and 2 F in both Raman and Infra-red 
Polarization tensor Type of polarization tensor
Results of Modeling of Polymeric Electrolytes by the MNDO/d Method
The modeling of polyelectrolytes is introduced by the examination of the movements of Li + ion along the polymeric chain [CH 2 -CH 2 -O] 4 through a quantum mechanical calculation in order to determine the conductivity mechanism of polymeric electrolytes (LiCF 3 SO 3 +(EG) n DME, n = 2 and 11). From the beginning, the positions of Li + ion are considered nearby the first oxygen (model A in Figure 7 ). The configuration of the 'A' system is stable because it is a state at local minimum energy (E A = −3,287.18 kkal· mol 
The Conductivity Temperature Dependence of Ionic Conductors
The conductivity of Li 2 SO 4 versus temperature is measured by a technique reported elsewhere [36] . Conductivity increases with the temperature rise because the Li + ion becomes more mobile due to weaker bonding with other atoms (Table 5 ). The high mobility of Li + ion can be explained by the mechanism of a 'paddle-wheel', where Li + diffuses into the crystal lattice via an adhesion of sulfate ions in the rotation [37] . This phenomenon results in band shifts to the low frequency region. 
Experimental Section
Materials
Lithium trifluoromethanesulfonate (LiCF 3 SO 3 , 99.995%), dimethyl ethylene glycol ([EG] n DME, n = 2, 3 and 11), lithium sulfate dihydrate (Li 2 SO 4 · 2H 2 O, ≥99.99%), sodium sulfate dihydrate (Na 2 SO 4 · 2H 2 O, ≥99.99%) were purchased from Sigma-Aldrich (Munich, Germany).
Preparation of Li 2 SO 4 and Na 2 SO 4 Crystals and Polymeric Electrolytes
Li 2 SO 4 and Na 2 SO 4 · crystals were grown by slow evaporation at different temperatures. The aqueous solutions were heated until 80 C, filtered, slowly cooled with a step 5-10 C until 30 C and dried; but not completely in order to avoid possible contamination by the rest of the impurities contained in the bulk of the material. These formed crystals are colorless with a morphology at the mm scale.
Polymeric electrolytes, which are produced on the basis of dimethyl ethylene glycol ((EG) n DME) were dried in vacuum in order to remove water traces. LiCF 3 SO 3 was dried at 120 C under vacuum (10 −3 bar) during 24 hours. The mixture of LiCF 3 SO 3 in ethylene glycol was prepared at 50 °C in a micro chamber under argon atmosphere. LiCF 3 SO 3 was dissolved in oligomers (EG) n DME with n = 2 and 3. The molar ratio of Li/EO (LiCF 3 SO 3 to ethylene oxide) was varied from 0 to 0.4. 
FTIR Measurements
Theoretical Calculations (Method MNDO)
The MNDO method is based on stationary Schrödinger equations. MNDO (Modified Neglect of Differential Overlap) is a modified method of NDDO (Neglect of Diatomic Differential Overlap) and semi-empirical method, which is oriented to the correct reproduction of electron characteristics such as dipole moments, non-transformation heat and geometry of molecules. The atomic orbital is of spherical symmetry in the calculations of electron-electron repulsion integrals. The orientation of p-orbitals is considered in the calculation of n-centered (n = 1-4) integrals of atomic orbital repulsion of the same atom. The self-descriptiveness of MNDO is due to information not only from the geometry of the molecule, but also dipole moments, the heat of the formation, the order of bonds, and spinning and density ratios among other factors.
MNDO is employed for a more accurate description of the repulsion between unshared electronic couples [38] . One of the main advantages of MNDO is the calculation of unsaturated compounds and molecules, which contain unshared electronic couples within neighboring atoms (for polar molecules). In addition, valent angles and the consistency of molecular orbital levels are accurately calculated through this method. MNDO correctly reproduces a relative stability of isomers, which contain double and triple bonds, and is widely used for a calculation of the oscillation frequency and structure of linear polymers. Moreover, MNDO is applied to polyyne and paracyclophan molecules, yielding high results for fluorine compounds (e.g., F-O, F-N, etc.) as well as a good reproduction of oscillation frequency. The disadvantages of MNDO are as follows: i) an incorrect description of hydrogen bonds; ii) an inaccurate calculation of internal rotation barriers in the conjugate molecules (e.g., benzylideneaniline, stilbene and azobenzene); iii) a disability to calculate four-termed cycles (they are too planar and stable); and, iv) a systematic overstating of ionization potentials in compounds, which contain Cl − and Br − anions Despite these disadvantages, MNDO/d (modified version of MNDO) is applied to model the interactions between Li + and polyethylene oxide.
An Algorithm of Calculations by MNDO
Normally nuclei are considered to be static, while electrons are mobile. Given these considerations, it is possible to solve the Schrödinger equation for the one-electron system only. For this reason the most applied method is the method of self-consistent fields (SCF) or Hartree-Fock in quantum-chemical theory. In this method any electron moves in the field of atomic nuclei and in the effective averaged field of other electrons. Multielectron wave function is considered as an asymmetric product of spin-orbitals (i.e., one-electron molecular orbitals (MO), ) (m i  , which are multiplied by spin wave functions  and  of the corresponding electron [38] : This basis is incomplete due to the relatively small number of basic AO. The distribution of electron density in the molecule can be transmitted by the AO basis with the challenge in its choice [38] . This system of linear equations below is used to find the minimum of full molecule electron energy E as well as mj C . (14) This system of Equation 14 is solved by a self-agreement method with C mj as the random group and the matrix F ij , which is derived from the group of coefficients. The solution (11) gives new C mj and F ij until C mj is the same. This calculation is carried out for the valence electrons with the minimal basis and a considerable part of Coulomb integrals is neglected (13) . In this work, the method MNDO/d is used to calculate local minimal energies during the interaction of Li atoms with the polymeric chain of polyethylene oxide.
Conclusions
Polyethylene oxide acquires the properties of a conductor and becomes a polymeric electrolyte when it is doped by LiCF 3 SO 3 . This conductivity can be controlled by monitoring the vibrations of SO 3 − groups at EO/Li molar ratio from 10 to 30 in LiCF 3 SO 3 + (EG) n DME (n= 2,3, 11). At the high EO/Li ratio the intensity of bands increases and a triplet appears at 1,045 cm The results of this present work can be of practical interest for the direct production of small and effective devices in science and industry that use polymeric electrolytes, which are formed by combining polyethylene oxide and LiCF 3 SO 3 as well as solid electrolytes (e.g., Li 2 SO 4 ).
